Heterotrophic, autotrophic, and mixotrophic nanoflagellates: Seasonal abundances and bacterivory in a eutrophic lake Abstracf-Abundances of heterotrophic (HF), autotrophic (AF), and mixotrophic (MF) nanoflagellates in Lake Oglethorpe, Georgia, were in the range 102-lo4 cells ml-'. Pigmented and nonpigmented flagellate abundances were positively correlated with each other in samples spanning a year, but were not significantly correlated to the same physical parameters (temperature, oxygen, light). The highest density of nonoiamented flagellates (> 1 X-lo4 ml-l) was found*inspring 1986 at the surface, although most abundance peaks ranged from 4 to 7 x IO3 cells ml-r and occurred in the metalimnion during summer stratification. Abundances of pigmented flagellates (AF + MF) were greatest (9 x 10) cells ml-l) in surface waters in early spring and late fall when the lake was not stratified. Up to 38% (avg 10%) of all pigmented flagellates at any depth also ingested particles, while the percentage of HF that were identified as bacterivores ranged from 30 to 100%. In situ grazing rate measurements indicated strong seasonal differences in the relative grazing impact of pigmented and nonpigmented flagellates, with HF dominating grazing on picoplankton except in winter.
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Lake Oglethorpe Limnological Association Contribution 42. and Sherr 1984; Sanders and Porter 1990) . Some photosynthetic flagellates are also bacterivorous, but their relative abundance in nature is not well known (Bird and Kalff 1987; Sanders and Porter 1988) . Flagellates in the nanoplankton size range (2-20 pm) are often fragile, so they may be difficult to detect with light microscopy. Inadequate sampling, preservation, or staining can lead to underestimates or even exclusion of these flagellates from plankton counts. Pluorescent staining and examination at high magnification (1,000 x ) by epifluorescence microscopy are required to include the smallest (<4 pm) flagellates and to allow rapid differentiation between flagellates with and without chloroplasts (Caron 1983) .
Potential for error exists when defining trophic status by the presence or absence of photosynthetic pigments. Pigmented flagellates are usually considered autotrophic, and nonpigmented flagellates are often assumed to be bacterivorous.
Pigmented flagellates that ingest particles (mixotrophs or phagotrophic phytoflagellates) have been noted in the algal literature for decades (see Sanders and Porter 1988) . Recent evidence indicates that mixotrophs in natural systems may impose a major grazing impact on bacterioplankton (Bird and Kalff 1987; Sanders et al. 1989) . Heterotrophic flagellates also have several modes of carbon and nutrient acquisition including bacterivory, herbivory, and uptake of dissolved organics (Sherr and Sherr 1984; Parslow et al. 1986; Sherr 1988 This study had four objectives: to determine the seasonal abundances of pigmented and nonpigmented flagellates and bacteria throughout the water column in Lake Oglethorpe; to determine the degree of phagotrophy exhibited by pigmented (mixotrophic) and nonpigmented (heterotrophic) flagellates; to investigate the seasonal grazing impact of all flagellates on bacterioplankton; and to examine physical (temperature, oxygen, and light) and biological (bacterial abundance) factors potentially influencing flagellate abundance and feeding rates.
Abundances of pigmented and nonpigmented flagellates by depth were determined at 2-week intervals from June to November (stratification through mixis) in 1985. Based on this background information, we conducted five in situ feeding experiments from February to September 1986 to characterize major seasonal grazing patterns. Temperature, oxygen, and intensities of photosynthetically active solar radiation (PAR) were recorded at 0.25-m intervals in the water column with a YSI dissolved oxygen meter and a LiCor LI-188B ii-radiance meter. Two casts with a 0.5-m-long, 1.2-liter Kemmerer bottle were taken and mixed from each depth (surface, 2 m, 4 m, 6 m, and across the metalimnetic plate). For flagellate enumeration, three 30-ml subsamples from each depth were added to equal volumes of ice-cold, 4% glutaraldehyde in phosphate buffer for a final concentration of 2% glutaraldehyde in 1 M sodium monophosphate. Preserved samples were transported on ice to the laboratory, where the fluorescent stain primulin (final concn, 250 pg ml-') was added. After staining for 24 h, subsamples (5-10 ml) were filtered onto 0.8-pm Nuclepore polycarbonate filters and rinsed with 2 ml of Tris buffer. This modification of the technique of Caron (1983) greatly reduced slide preparation time.
The filters were placed on a slide with immersion oil; a cover slip was added, and slides were stored frozen until viewed. The slides were examined within 2 weeks of sample collection, during which no degradation of chlorophyll autofluorescence was observed. Three to five transects were examined at 1,250 x on a Zeiss inverted microscope with DAPI (47 77 0 1) and acridine orange (48 77 07) filter sets to distinguish pigmented from nonpigmented flagellates (Caron 1983) . At least 200 flagellate cells were enumerated per sample and identified to genus or morphotype. Subsamples were fixed with Formalin (3% final concn) and processed for bacterial counts with the AODC method (Hobbie et al. 1977) .
Methodology for the feeding experiments conducted in situ at Lake Oglethorpe were described by Sanders et al. (1989) . Briefly, fluorescent, carboxylated microspheres (Fluoresbrite, Polysciences, Inc.) were added to a final concentration of 0.5-l x lo6 microspheres ml-'. The flasks were incubated in the dark for 15 min in Styrofoam coolers filled with water from depth to maintain in situ temperature and fixed with equal volumes of ice-cold 4% glutaraldehyde in phosphate buffer as above. This method eliminated egestion upon fixation (Sanders et al. 1989) . Twenty-milliliter subsamples of the fixed material were stained and viewed as previously described.
These data did not meet the rigid assumptions necessary to utilize parametric statistical analysis even with the use of transformation, so equivalent nonparametric tests were used. Correlations in abundance of the bacteria and the abundance and ingestion rates of the flagellates and the physical parameters of depth, oxygen, temperature, and light were tested with Kendall rank correlation analysis. Correlations were run assuming that sampling depths and times were independent.
In 1985, physical and chemical processes occurred in distinct seasonal phases of stratification, transition, and mixis in this monomictic lake. Photosynthetically active radiation (PAR) was measurable to a depth of 6 m in late spring and fall and to 4 m in summer with a surface maximum of 1,800 PEinst mm2 ss' in midsummer (Fig. 1) . The Secchi disk depth was l-2 m during midsummer when there were high algal abundances from the surface to 2 m, but was 3-3.5 m in spring and fall. The stratified period is typified by patterns shown from 25 June to 4 September 1985 (Fig. 1 ). During stratification, the major thermal gradient occurred below 3 m. Oxygen declined rapidly below 2 m and was < 1 ppm below 4 m in June and below 3 m by early September. The autumnal transition from late September through October-November occurred as cooling of the upper waters led to erosion of the chemo-and thermoclines. Isothermal temperature regimes and an oxygenated water column were observed during winter mixis which was followed by another period of transition as stratification began in early April (Fig. 1 ).
There were distinct seasonal abundance patterns of bacteria and heterotrophic (HF) and pigmented (PF) flagellates that coincided with the periods of stratification, transition, and mixis. The bacteria in Lake Oglethorpe were primarily free-living cocci, ranging in abundance from 2 to 8 x lo6 cells ml-'. Midwater abundance peaks of 5-8 x lo6 cells mll' occurred throughout summer. During transition and mixis the bacterial abundances generally were 3-5 x lo6 cells ml-' and relatively evenly distributed throughout the water column (Fig. 2) . Similar patterns of bacterial distribution with depth occurred in 1986 (Fig. 3) . Bacterial abundances during both years were positively correlated with depth in the water column, negatively correlated with oxygen concentrations and light intensity, and had no consistent predictive relationship with temperature (Table 1) . Conversely, Nagata (1988) found that bacterial numbers were positively correlated with water temperature in Lake Biwa.
Most HF were spherical, biflagellated, and 2-8 pm in diameter (avg 5 pm). The highest abundances of HF determined in this study, 1.5 x IO4 cells ml-', occurred at the surface in April 1986 (Fig. 3) . Peaks of up to 6 x 1 O3 cells ml-' occurred in deeper waters during summer stratification in 1986. HF densities fluctuated considerably more with depth and season than did bacterial abundances. During stratification in 1985, midwater abundance peaks ranged from 8 to 11 X lo3 cells ml-', but never coincided with maxima or minima of bacterial abundance (Fig. 2) . This result agrees with the findings of Nagata (1988) who found no coupling in oscillations of bacterial and heterotrophic flagellate biomass in Lake Biwa. Because our flagellate survey samples were taken every 2 weeks in 1985 and less frequently in 1986, population cycles of bacteria and llagellates observed by some researchers (e.g. Bjomsen et al. 1988 ) that could occur within hours and days were not tracked.
In 1985, the PF exhibited abundance patterns similar to the HF, although the former were more evenly distributed throughout the water column. PF tended to be less abundant than HF (Fig. 2) as was observed previously in Lakes Huron and Michigan (Carrick and Fahnenstiel 1989) . During the period of stratification in 1985, abundance peaks of PF ranged from 2 to 4 x lo3 cells ml-' and were highest in the region from 4 to 6 m where light intensity was generally ~20 PEinst m-2 ss'. At the onset of mixis in 1985, there was a peak of 1.5 x lo3 cells ml-' PF which occurred at 2 m where light intensity was 133 PEinst mm2 s-l (Figs. 1,  2) . The greatest abundance of PF observed (9 x lo4 cells ml-') was in the surface water in February 1986 (Fig. 3) . In contrast to 1985, PF were often more abundant than HF in 1986 (Fig. 3) . These interannual differences in relative abundance may reflect a stochastic component in the environmental factors which lead to predictable seasonal events such as spring phytoplankton blooms (Carpenter 1988) .
In regions of peak abundance of heterotrophic flagellates, the temperature ranged from 16 to 24°C light intensity was <200 PEinst mm2 s-l, and the oxygen level was often < 1 ppm (Figs. 1, 2) . The abundance of HF was negatively correlated with temperature and light and had a weak positive correlation with bacterial abundance. This relationship was due primarily to the relatively greater abundances of heterotrophs in the cooler, darker meta-and hypolimnetic waters in summer, and not to the seasonal changes in water temperature and light intensity. The abundance of PF was positively correlated with oxygen concentration which was expected since oxygen is a product of photosynthesis. There was also a weak negative correlation between abundances of , and abundances of bacteria (X lo6 ml-') and flagellatds ( x 10' ml-l) from Lake Oglethorpe on five dates in 1986 when grazing experiments were conducted. Flagellate abundances include all phagotrophic and nonphagotrophic morphotypes. HF-heterotrophic flagellates; PF-pigmented flagellates. (Table 1) . When the lake was strongly stratified, however, there were usually high abundances of flagellates in the metalimnion (3-5 m) where particulate organic matter, including bacteria, algae, and detrital particles, may be maintained in the water column by density gradients. In Lake Biwa, Nagata (1988) also noted the highest densities of heterotrophic flagellates at the bottom of the epilimnion.
Grazing experiments were conducted with 0.57~pm microspheres as tracers of bacterial ingestion during mixis, transition, and stratification in 1986. Conditions in the lake were representative of winter mixis during the first experiment in February, when water temperature ranged from 11" to 13°C (Fig.  3) . In April, the lake was in the phase of rapid spring transition with temperature and oxygen declining rapidly, but with oxygen in the lower waters still > 1 ppm. In May and June, oxygen was depleted in the lower waters, and the lake was fully stratified. The lake was still stratified in September, but cooler epilimnetic temperatures indicated that the thermocline was beginning to erode and that the lake was entering the fall transition phase (Fig. 3) .
The microsphere ingestion experiments allowed us to determine which of the PF and HF were bacterivorous and to determine the grazing rates of each morphotype. To obtain this information, we enumerated flagellates by morphotype or species. We assumed that the number of ingested spheres followed a Poisson distribution for morphotypes that ingested microspheres, and individual cells that did not ingest particles were included in calculating that species' grazing rate. Only morphotypes never seen to ingest microspheres were eliminated from the community grazing-rate calculations. The microspheres were considered a valid tracer of bacterivory because a comparison of species that contained DAPI-staining bacterial inclusions in food vacuoles with those that contained ingested microspheres showed a one-to-one correspondence. Furthermore, all species that ingested fluorescently labeled bacteria (FLB) also ingested the fluorescent microspheres (Sanders et al. 1989) .
Bacterivorous Monas spp. were present on every sampling date. A choanoflagellate species with high ingestion rates was present, but rare, in April, May, and June. A small (3-pm diam) bacterivorous flagellate with extremely high abundances and ingestion rates was blooming at 5 m in June and was again abundant in September. The species composition of the HF community in the anaerobic zone was usually completely different from that present in the epilimnion. From 30 to 100% of the HF community ingested bacteria depending on depth and season. The highest percentages of bacterivorous heterotrophs were found during April and May (80-100%). Only 30-59% of the HF were bacterivorous in June, but in September the percentage rose again to a range of 75-94% (Table 2) . Salonen and Jokinen (1988) reported 30-89% of all flagellates as phagotrophic in a small dystrophic lake. Glide (1988) estimated that most bacterivory in Lake Constance could be attributed to flagellates. Neither of these studies differentiated between pigmented and nonpigmented forms.
Although the community of HF was generally dominated by the phagotrophic morphotypes, we did obtain averages of < 50% phagotrophic forms by depth. The low percentages of bacterivorous, nonpigmented flagellates in June were skewed in part because of the relatively small number of morphotypes observed on that date. Other possible factors that could have resulted in low proportions of identified bacterivores include a high density of flagellates such as Bodo and Rhynchomonas that specialize in ingesting attached bacteria or species that are primarily herbivorous (Parslow et al. 1986; Caron 1987) . Pigmented picoplankton, though rare in this lake, were noted in the food vacuoles of some HF in this study. Some HF also take up dissolved organics (Sherr 1988) . We did observe some HF morphs that did not take up microspheres or algae and had no DAPI-staining vacuoles, and these may have subsisted entirely by uptake of dissolved organic carbon (DOC). This mode of nutrition would require a high supply rate of DOC, however, and it is not clear that conditions in the water column of Lake Oglethorpe could support osmotrophic populations. Bjomsen et al. (1988) suggested that a high supply rate of DOC might be satisfied at the end of phytoplankton blooms. The percentage of PF that were also phagotrophic varied seasonally with the highest proportion of mixotrophs in the winter and the lowest in midsummer (Table 2) . These percentages were calculated from the abundances of PF or HF which had ingested microspheres relative to their total abundances. In February, the percentage of mixotrophic PF was 2 1% at 3 m and averaged 14% over the whole water column ( Table 2 ). The mixotrophs abundant during this time were the chrysophytes Ochromonas sp., Dinobryon bavaricum, Dinobryon cylindricum, and Chrysostephanosphaera globulifera. The bloom in the upper 3 m of the water column contained large numbers of both species of Dinobryon. In February, Dinobryon accounted for 75% of all bacterial ingestion by PF for the whole water column, and a maximum of 89% of the total mixotroph grazing impact at 1-2 m. Although Dinobryon was present during the other grazing experiments, it was not abundant and it accounted for ~3% of the total mixotrophic grazing impact at any depth during the other grazing experiments. The dominant mixotrophs at these times were Ochromonas sp. and some very small (2-wrn diam) unidentified cells. During the April experiment, an unidentified colonial mixotroph was present but not abundant at 5 m and had very high ingestion rates. In May, the most common PF were Cryptomonas and colonies of Synura and Gonium. These algae were never observed with ingested particles. Although low in situ ingestion rates by Cryptomonas have been measured (Tranvik et al. 1989) , bacterivory by Cryptomonas was not detected in our experiments. The phagotrophic Ochromonas sp.
was present again in June, but at lower abundances than in February. During the final experiment in September, a small (2.5-pm diam) unidentified mixotroph was abundant (1.2 x lo3 cells ml-') and had very high ingestion rates. PF that did not ingest particles were most likely obtaining their C through photosynthesis, although uptake of dissolved organics is possible.
Colonies of both heterotrophic and mixotrophic (MF) flagellates were present throughout the year and had consistently high ingestion rates. Individuals of the mixotrophic colonies D. bavaricum and D. cylindricum had ingestion rates of 8-38 and 6-12 bacteria cell-r h-', respectively. Another mixotroph, C. globukfera ingested 27-18 1 bacteria colony-' h-'. In addition, the autotrophic colonies Chrysophaerella longispinum and Gonium often had HF at-tached to their surfaces. HF that were found attached to algal colonies ingested microspheres at a relatively high rate. Although we did not directly address the phenomenon ofhigh ingestion rates by attached flagellates in this study, Fenchel (1987) gave theoretical arguments that attachment could facilitate feeding since water flow past a "filter feeder" is greater when the organism is attached to a surface than when it is swimming.
In planktonic environments flagellates are frequently found associated with bacterial aggregates and detrital particles (Caron et al. 1982) . In this study we found HF attached to autotrophic (AF) colonies. We did not detect flagellates associated with large detrital particles, although collection and fixation may have disrupted these associations. If attached bacteria are common, the microsphere technique would underestimate bacterivory. Unattached bacteria generally make up 90-95% of the total bacterioplankton in Lake Oglethorpe (Pace et al. 1983) . Most HF and bacteria cells in Lake Biwa were also unattached, suggesting that the primary trophic interactions in that system also involved unattached cells (Nagata 1988) .
Average flagellate ingestion rates (bacteria ingested flagellate-' h-l) varied seasonally (Fig. 4) . They were equivalent throughout the water column in February and ranged from 3 to 5 bacteria ingested flagellate-' h-l. The HF ingestion rates were lower in late winter and spring and increased during stratification. The lowest rates for HF were recorded in February, April, and May when they ranged from 1 to 5 bacteria ingested flagellate-' h-l. During June and September the ingestion rates increased to range from 5 to 17 bacteria ingested flagellate-' h-' (Fig.  4) . The highest ingestion rates by MF were observed in April and September when up to 20 bacteria flagellate-' h-l were ingested. In May, MF ingestion rates were the lowest observed (< 1 to < 2 bacteria ingested flagellate-' h-l). The abundance patterns, the percent of the flagellate population that was phagotrophic, and individual ingestion rates combined to determine the daily grazing impact on bacterioplankton.
Consequently, grazing impact (bacteria ingested mll' d-l) (Table 3) .
Impact of HF on bacterioplankton ranged from 0.5 to 6 x lo5 bacteria ingested d I. Their greatest impact was in September, when the highest HF ingestion of 1.1 x 1 Oh bacteria ml-' d-' occurred at 2 m (Fig. 4) and averaged 6 x IO5 bacteria ml ' d ' for the water column. The MF had the highest daily impact on the bacterioplankton (bacteria ingested ml-' d-l) in winter, and the HF impact was lowest at this time (Fig. 4) . Mixotrophs ingested up to 5 x lo5 bacteria ml-' d-' at the surface in February. They ingested -2 x IO5 bacteria mll' d.' at depths of 4-6 m in April, 3 m in May, and l-3 m in September, but had a low daily impact on bacteria from April to September at other depths. At most times, HF were the major bacterivores. In February, however, MF were responsible for up to 60% of the flagellate grazing at some depths. Relative to other plankton in Lake Oglethorpe, the grazing impact of flagellates at a given depth ranged from 55 to 99% of total bacterivory by flagellates, ciliates, rotifers, and crustaceans (Sanders et al. 1989) .
A Kendall rank correlation analysis of flagellate ingestion data (bacteria ingested flagellate-' h-l) revealed several significant correlations with physical and biological parameters measured in this study (Table 3) I  I  I  2  4  6  8  10 12 i&, , , MF ingestion rates were negatively correlated with oxygen and light, but were not significantly related to temperature. The ability to use phagotrophy to obtain C could have been advantageous to MF at reduced light levels. Ingestion of particles by PF may be a mechanism to compensate for photosynthesis when light is limiting, as in the meta-and hypolimnion of Lake Oglethorpe during summer stratification.
In contrast, Bird and Kalff (1987) found that ingestion rates of mixotrophic Dinobryon spp. measured in situ showed no die1 pattern and were not correlated with light. They concluded that temperature was the critical factor affecting Dinobryon ingestion rates. Our results may differ from those of Bird and Kalff due to the inclusion of a diverse array of species of MF and numerous rate measurements throughout the range of seasons. Ingestion rates of mixotrophs were also positively correlated with bacterial abundance, as would be expected if ingestion depended on encounter rates of predator and prey. Ingestion rates of HF, however, were not significantly correlated with bacterial abundance (Table 3 ). There was a strong correlation between HF ingestion rates and temperature, reflecting the high rates in June and September, when water temperatures were >25"C to a depth of 4 m.
In the. last decade, a view of plankton dynamics in which phototrophic and heterotrophic microorganisms can play an important and sometimes dominating role in the cyting of matter has begun to emerge (Azam et al. 1983; Porter et al. 1985) . Nanoflagdates, however, are still frequently ignored in plankton studies. Population dynamics of flagellates include periodic blooms of both pigmented and heterotrophic forms (Nagata 1988; Carrick and Falmenstiell989; this study) . During these periods, the total impact of flagellate grazing on picoplankton can be high. Furthermore, the transfer of materials and energy from the microbial into the classical food web via crustacean ingestion of nanoflagellates at these times is potentially great, especially in lakes where Cladocera dominate the zooplankton.
